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With the increased requirements for personal portable power systems to be more
capable and better matched to the load and the mission, manufacturers have become
interested in improved methods for predicting the performance of these systems. Personal
portable power systems must meet challenging energy and portability requirements that
require better predictive knowledge of these systems in integrated systems with realistic
mission scenarios. This thesis presents the development of a modeling and simulation
environment to further expand and predict the needs and requirements of personal
portable power systems. The proposed personal portable power system is a diverse
system consisting of energy and power sources, controllers, a DC-DC converter,
batteries, and loads. An outcome of this initial simulation environment development is a
tool that can be used in future work to plan scenarios and tasks.
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CHAPTER I
INTRODUCTION
1.1

Introduction
In modern warfare, soldiers are required to carry a number of electronic devices

that are necessary to the performance of their jobs on the battlefield. These missions are
becoming more complex due to long endurance times of 72+ hours of mission time. The
mission critical equipment, ranging from radios, night vision devices, laptop computers
and flashlights that need improved man-portable power sources. Therefore, there is an
increasing interest in modeling and simulation in not only man-portable systems but also
every aspect of modern electrical engineering. Modeling and simulation of these manportable systems will help decrease soldier’s carried weight burden, increase reliability
and improve availability of power for the dismounted soldiers of the future.
The motivation for this research and development is to further expand and predict
the needs and requirements of man-portable systems while in the field. The proposed
man-portable system is a diverse system consisting of sources, controllers, a DC-DC
converter, batteries, and outputs. Using a simulation environment to plan missions,
soldiers would be better prepared by being enabled to carry only the amount of electrical
energy storage and/or generation needed.
1.2

Previous Investigations
“Modeling and simulation are essential ingredients of the analysis and design

process in power electronics” [1]. Much effort has been expended in recent years to
1

extend and develop the use of models and simulations to aid in the creation and design of
components and systems. With the increase of more powerful computing options,
simulations have become more widely accessible and have increased the desire for
analysis by modeling. This is helpful because prototyping and testing each design and
combination in a system can become cumbersome, expensive and time consuming.
Therefore, modeling and simulation are indispensable for concept evaluation, prototyping
and analysis [2]. According to V. Pires and J. Silva, there is a need to teach and expand
the knowledge of nonlinear modeling, simulation and control of electronic power
converters [3]. They state, “Physical modeling produces well-detailed results, but leads
to high calculation effort and often introduces convergence problems during transient
simulation.” They assert that MATLAB/SIMULINK is widely used software for
simulation of almost all types of dynamic systems. It provides a series of standard
routines and software toolboxes the help enable the user to perform systems simulations,
identification and control. MATLAB/SIMULINK provides a fast system-level
simulations tool that can be free of algebraic loops and convergence problems that other
circuit simulation software is plagued with [3]. MATLAB/SIMULINK is the base
software for this simulation environment in part for this reason.
Reports of previous investigations of man-portable system modeling and
simulations are difficult to find. Most work in the literature focuses on individual
components of the system proposed in this thesis. The following sections will cover the
previous investigations of batteries, fuel cells, DC-DC converters and complete system
simulations.
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1.2.1

Batteries
Battery modeling research has produced extensive and detailed models for use in

simulations. Initially batteries were represented by electro-chemical models to determine
the lifetime and to explore battery chemistry [4]. These models are mainly used to
optimize the physical design of the batteries, characterize the mechanisms of power
generation and to relate the battery design parameters with macroscopic (e.g., battery
voltage and current) and microscopic (e.g., concentration distribution) information [5].
These models are typically complex and time consuming due to the need to solve partial
differential equations
For many applications, mathematical models provide a better method to
determine the battery state of charge (SOC) and battery voltage given knowledge of the
electrical current over time [6-8]. Mathematical models are well suited for predicting
system-level behavior such as battery runtime, efficiency, or capacity but are not well
suited to predict I-V characteristics that are important to circuit simulation and
optimization. These models offer results that are accurate in the order of 5%-20% error
[5].
Electrical analogue models [5, 9-11] have an accuracy that lies between
electrochemical and mathematical models or errors around 1%-5% [5]. These models are
more intuitive and useful for circuit and system simulations. These models are developed
using resistors and capacitors and can be developed as Thevenin, impedance, and
runtime-based models [5]. In reference [5], a proposed battery model is shown in Fig.
1.1 that models the capacity, state of charge (SOC) and battery runtime. It uses a RC
network to simulate the transient response and it can be an accurate electrical model

3

depending on selection of the parameters (i.e., R’s and C’s). This model was selected for
use in this research thesis.

Figure 1.1
1.2.2

Proposed Electrical Battery Model, after [5]

Fuel Cells
Fuel cells offer alternatives to batteries for man-portable power generation and

have become a research area of interest [12]. Most models of fuel cells are developed as
electro-chemical models that are used to predict the steady-state and dynamic
performance [13, 14]. However, these models are complex and take significant
simulation times to complete. Therefore, a typical alternative for system simulation uses
‘lookup maps’ also known as ‘lookup tables’ in SIMULINK [2]. An example of a lookup
table based fuel cell system can be found in [15]. This investigation showed that the
efficiency of the model was greatly improved when a feed-forward lookup table was
added.
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1.2.3

DC-DC Converters
DC-DC converters are the most common power electronic circuits and are widely

used in the power supply industry and for high-power applications. Modeling and
simulation have played an important role in the design of modern DC-DC converters
[16]. SIMULINK has proven to be an effective tool to model and simulate DC-DC
converters [16]. There are several methods of modeling DC-DC converters. The most
popular include averaging and linearization methods [17]. State-space averaging is the
most common technique but other models include singe-loop control, voltage control and
current control.
Other research includes co-simulation methods to take full advantage of different
software to improve simulation efficiency [18]. SIMULINK can model and analyze
dynamic systems and is good for system level design [18]. In reference [18], it is
concluded that using SIMULINK to simulate DC-DC converter models enables
simulation efficiency, but not with the same simulation accuracy as Spice-based circuit
simulators. One focus was on making a continuous model composed of a set of
continuous blocks such as derivatives, memory, and integrator blocks. Other models use
function and table models and math models [18].
1.2.4

System Modeling
The area of man-portable power generation is extremely active. Mitsos and

Barton have published a review of approximately 150 contributions in the area of system
modeling and power generation [19]. Many methodologies are based on three levels of
modeling detail: system-level models for process synthesis, intermediate-fidelity models
for optimization of sizes and operation, and detailed computational dynamic models [20].

5

The actual physical systems comprising man-portable power must meet severe
size, weight, environmental and power consumption constraints [21]. As more electricalbased systems are developed that are intended to be carried by individuals, the
corresponding energy and power requirement on the energy sources continue to increase
[22]. This increased power demand and the need for the state-of-health of these systems
to be accurately known and adequate for the intended mission is one of the driving forces
behind modeling of entire systems. Some modeling efforts as in [22] deal with power
generation on man-portable systems on military vehicles. Other modeling efforts are
more mathematical based than others and from batteries to the fuel cells [23]. These
modeling efforts allow the entire system to be modeled and allow the user to determine
the optimal designs and operational parameters of systems.
Electronic systems are being modeled at a very high level of abstraction from
specifications and requirements. Therefore, techniques for high-level power modeling,
estimation, and optimization have been investigated. The need for these systems to
provide fast and accurate results is key to increasing the effectiveness of automatic design
frameworks [24]. These simulations have begun to reduce cost in the industrial and
defense communities. Therefore, these model abstraction techniques are being used to
reduce development time by reducing simulation times through reduced model
complexity. The objective of abstract modeling is to reduce model complexity without
grossly affecting model accuracy with respect to the simulation objective [25]. In [25]
the goal was to capture the essence of the behavior of a model without all the details of
how that behavior is implemented in code.
A relevant power system model, albeit at a larger scale than man portable, was
constructed and developed by the U.S. Navy [26]. This modeling effort takes in a
6

mission-based scenario as found in [27]. The system developed in [26] incorporates
batteries, fuel cells and a diesel engine. Their hybrid test-bed was a proposed
configuration of sources, loads, and power electronic devices. The test-bed was
developed in MATLAB/SIMULINK and used a Lithium-Ion (Li-Ion) battery pack
developed using [5], a programmable load, and a permanent magnet rim-driven motor.
Each source was connected to the DC bus via a power electronic converter.
The test-bed used a parameter extraction test to retrieve the correct parameters
and build an adequate simulation model of the battery. They developed an abstracted
model of the form found in [5], because it has the capability to model the dynamic and
steady state behavior and it was also simple to develop. The test-bed was then developed
and modeled using the SimPowerSystem blockset in SIMULINK. A DC-DC converter
was developed using a PI controller and was modeled to account and resemble the actual
switching characteristics of an actual converter. Finally the remaining components were
modeled using generic models in SIMULINK with future work being modeling a
controller using state flow.
1.3

Thesis Scope and Organization
The purpose of this thesis is to report the development of a simulation

environment with the ability to predict the power and energy requirements for specific
missions and thus, eventually, give mission personnel a tool to adequately predict the
correct components of a man-portable power system needed to perform the mission. The
design of the software involves a simulation environment and models that can be
interchanged and placed into any configuration inside the simulation environment that is
physically possible with the representative power system. This gives the flexibility to
7

design custom scenarios and equipment arrangements to meet the requirement of the
mission, while respecting the constraints of the notional physical system. This thesis will
provide detail on the development of this simulation; it will also provide insight into
potential limitations and design considerations for a simulation environment. This work
is divided into five chapters. Chapter II will discuss component models which include
the following models. First is the theory and development of the battery model and
modules. Next the theory and development of the fuel cell model and the modeling of
the fuel cell’s protection protocols. Then the DC-DC converter model developed for the
simulation environment and the link with the fuel cell. Next the load development and
the theory behind the creation of future loads will be discusses.
Chapter III is a key chapter that will discuss the methodology of the simulation
environment. Design considerations include the methods that are a part of the final
simulation and the methods that failed. In addition, Chapter III will discuss the
simulation protection features incorporated into the simulation environment and the
development of help files for future users of the environment. Chapter IV will discuss
the testing plan developed for the validation of the simulation environment and the results
of the testing plan. Finally, Chapter V will summarize the results of the environment and
report the conclusions drawn from this work.
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CHAPTER II
COMPONENT MODELS
2.1

Battery Model
The electrical battery model was developed using the method mentioned

previously in [5] in Matlab/Simulink as shown in Fig. 2.1. Before the beginning of the
simulation there are two lookup tables that initially loaded to find two coefficients for the
calculation of the total battery capacity before correction for temperature. One is
responsible for the dependency of the usable capacity on aging, and the other one is for
the dependency of the usable capacity on excess charging history. Once the battery usable
capacity is determined, the circuit simulation starts. The coefficient, which is responsible
for the capacity dependency on temperature, changes continuously as the estimated
temperature changes. The two RC networks are responsible for the dynamic battery
response. A battery temperature estimation block with battery current and ambient
temperature as inputs, estimates the current battery temperature. The bridge between the
two parts is the open circuit voltage versus SOC relation, which is embodied in the
voltage controlled source on the right. A lookup table is used to compute the open circuit
voltage as a function of the battery SOC [28].
To extract all the parameters for the proposed models, a battery test system and
experimental procedure were designed to measure battery performance conveniently and
efficiently. An electric source which is able to charge with constant current or voltage,
and a controlled load which is able to regulate the discharge current (maximum power
9

dissipation 100 W) is used for the battery parameter estimation test, together with current,
voltage and temperature loggers. This data was used to generate the lookup tables used to
generate the open circuit voltage (VOC) [28].

Figure 2.1

Developed Battery Model after [28]

Figure 2.2 shows the battery test cycle used. The parameter test starts with a pause
of 1 min in order to measure the initial voltage of the battery. For the parameter
extraction the battery is charged with the rated current or until it reaches the maximum
charging voltage. Charging continues at this voltage and the current decreases until it
reaches the charge-termination current, which is determined by the manufacturer. After
pausing for several hours the battery is then discharged to its depleted SOC state.
The measurements are recorded with a Data Acquisition Unit (DAQ). For this
extraction the measurements were taken every 1.5 s and consisted of the battery voltage,
10

battery current, battery temperature and ambient temperature. Figure 2.2 is a typical
voltage and current profile that are usually seen in this type of parameter extraction test.

Figure 2.2

Battery test curves for a 6.8 Ah Li ion battery [28]

This parameter test represents charging current as positive and discharging current
as negative. Figure 2.3 shows a typical battery voltage during a charge pause period.

11

Figure 2.3

Charging Behavior of Battery Voltage [28]

The methods for determining the open-circuit voltage (OCV) versus SOC curve
are based on measured values and curve fitting. To determine the open circuit voltage of
the battery, the results in Fig. 2.2, are re-plotted as shown in Fig. 2.4 in which the voltage
during the described test-procedure is plotted against the SOC of the battery. This plot
shows both the charge and discharge curves that are placed on the same grid. The peaks
from both curves are shown as a mean curve by the dotted lines. Then both these mean
curves are averaged to form a mapping of the SOC onto the OCV. While the OCV cannot
be observed directly the red line shown in Figure 2.3 is the mean of the dotted lines and is
used as an estimate for the OCV for the purpose of creating the model look-up table.

12

Figure 2.4

OCV vs SOC curve [28]

The final addition to the battery models was the creation of a battery module. This
module allows the user to have up to 10 parallel batteries in a single block with variable
state of charge (SOC). Fig. 2.5 shows the new modules and Fig. 2.6 shows the graphical
user interface (GUI) associated with those modules. The GUI interface allows the user to
input a number for the desired position in the desired configuration or simply slide the
slider to that point.

13

Figure 2.5

Battery Modules

Figure 2.6

Battery Module GUI
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2.2

Fuel Cell Model
The fuel cell considered in this thesis represents a fuel cell power source

appropriate for man portable applications that has the following operational parameters.
The fuel cell operates at a nominal voltage of 12 volts (V) with a power limit of 75 watts
(W). The fuel cell has to have cleanup cycles every 15 minutes for 1 minute to provide
correct operation and clean operation. During the cleanup cycle the fuel cell is equipped
with a battery that supplies the output until the cleanup cycle is complete. The fuel cell is
also equipped to allow the battery to power the load during light loads until the battery
voltage reaches 14.4 V, then the fuel cell turns on again and supplies the load and charges
the battery.
The fuel cell model has the following features. It operates over a load range from
0 W to 75 W, and can be configured to account for the cleanup cycles or not. The model
was developed using six parameter extraction tests of 8 hours each. The tests were
performed in 15 W increments with cleanup cycles every 15 minutes. Using this data,
lookup tables were generated. The lookup tables are used with an interpolation algorithm
between data points to set an output voltage. In addition, the fuel consumed was
computed similarly by using the current requested and then interpolating between data
points.
Figure 2.7 shows the Simulink form of the fuel cell model. A signal is received
into the model that is then sent to two lookup tables, one for the fuel cell voltage and the
other for the fuel rate. The voltage lookup table outputs a voltage signal to a controlledvoltage source which generates the bus voltage calculated by the table. In parallel the fuel
rate lookup table generates a signal that is sent through an integrator that sums up the fuel
rate signal from the lookup table and outputs the accumulated fuel used, in grams, to a
15

measurement port on the model. This model also is directly interfaced with the DC-DC
converter as will be discussed in the next section.

Figure 2.7

Inner-level of fuel cell model

This model takes in a current requested from the load and inputs that current
request into the voltage and fuel rate lookup tables. These lookup-tables then interpolate
the current requested and output a voltage and a fuel consumption rate. The voltage
calculation is sent to a controlled voltage source which generates the bus voltage and
sends it to the DC-DC converter. The fuel rate lookup table sends a consumption
calculation to an integrator block which adds up the consumption rates per time step and
outputs a total cumulative fuel used in grams for the simulation parameters.
2.3

DC/DC Converter Model
The DC/DC converter was designed and implemented using the basic theory of a

DC-DC transformer. A DC transformer schematic can be seen in Fig. 2.8 and is the basis
for designing the DC-DC converter model. Assuming ideal transformer with no
16

magnetizing or leakage inductances Equation 2-1 can be manipulated to get Equation 2-3.
Therefore, a Simulink model of a DC-DC transformer was modeled. Using Equation 2-3
a Simulink model was developed as seen in Figure 2.9. This model was developed with
the capability to change the efficiency of the DC-DC converter. However, there is no data
to validate the data from the simulation; therefore, the default efficiency is 100% as seen
in Figure 2.10. The model was designed to be implemented as a benchtop power supply
having capabilities to set a voltage limit and current limit. The model uses a GUI that
allows for configuring the limits of the system as shown in Figure 2.10.

Figure 2.8

Schematic for a DC transformer [2]

First taking that power in equals power out,
(2-1)
Then substituting that power equals voltage times current,
(2-2)
Then solving for the primary current

,
(2-3)

17

Figure 2.9

Inner-level view of the DC-DC converter
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Figure 2.10

DC-DC Converter GUI

The DC-DC converter can be operated in either voltage mode or current mode per
the setting assigned using the GUI. The converter is in voltage mode until the current
limit is reached at which time the converter model will enter current mode and supply
constant current and vary the voltage. Figure 2.11 demonstrates the DC-DC converter
output while in voltage mode according to the GUI settings. Figure 2.12 demonstrates the
converter changing from voltage mode to current mode with a load change. Figure 2.13
shows the output of the converter during operation with an overload.

19

Figure 2.11

DC-DC Converter in Voltage Mode

Figure 2.12

DC-DC Converter in Current Mode
20

Figure 2.13

DC-DC Converter in Overload

The final feature of the DC-DC converter is a direct link to the fuel cell allowing
operation of overload protection as per the system design. The DC/DC Converter checks
for overload of fuel cell by comparing the DC-DC converter power in (Pin) against the
fuel cell’s 75 W limit. If an overload has occurred the system disables the fuel cell then
Cascades and disables the DC/DC Converter. This is demonstrated in Figure 2.14
showing a power overload and shutdown of the fuel cell and DC-DC converter. The C
code for the control of the DC/DC converter can be seen in Appendix B.
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Figure 2.14
2.4

System Showing Fuel Cell Overload and Turn-off

Load Models
For the development of the load profiles there was two methods used. These load

profiles included the average source power and sink power measured, the average
efficiency and the simulated load resistance. From this data, the load profiles were
created as seen in Figure 2.15 and Figure 2.16. The load in Figure 2.15 was developed
using a lookup table where the reading were developed into a load profile. This model
uses a load profile to generate the correct resistance for the simulation environment and
calculates the load current, using ohms law in Equation 2-4, and feeds that into a current
source to generate the simulated load. The provided load data can been seen as a excel
plot in Figure 2.17 and Figure 2.18 shows the load data recreated in Simulink. This
method is the desired model needed for this simulation environment because of its
accurate tracing of the actual load.
22

Load calculation,
(2-4)
The remaining load profiles are designed using the simulated resistances and
efficiencies provided as shown in Figure 2.15. These models are simple ohm law resistive
models and are not designed as load profiles. These resistive loads are based on average
power and thus are not the most accurate method for modeling loads.

Figure 2.15

Lookup Table Load Model showing Top-level and Inner-level
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Figure 2.16

Platoon Sgt. Model in Simulink, showing inner-level

Figure 2.17

Load Profile generated in Excel
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Figure 2.18

Load Profile regenerated in Simulink using Lookup Tables
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CHAPTER III
SYSTEM ENVIRONMENT
The proposed environment was developed using the previous models and
comprised into a Matlab and Simulink simulation. Figure 3.1 shows the breakdown of the
first layer of the simulation environment. This environment incorporates all the
components mentioned in Chapter 2 configured together for correct operation.
3.1

System Breakdown
Looking at Figure 3.1 the system is broken down into five sections. Section I is

the information section containing the system legend and the help files for the simulation.
Also included in section I are help files for maximizing the results of the environment
while using only the minimum number of components that will decrease the total
simulation time. Section II of the environment is the constant source section with an input
multiplex selector for source selection. The environment has the capability to allow
constant sources to be inserted into the system under test through the use of the selector.
The user inputs the desired source and that source are then added to the bus. The selector
uses a combination of C-code and SimPowerSystem components. A challenge with
SimPowerSystem is that it does not easily allow for combination or switch control of
power bus lines. The developed multiplexer has the capability to allow selection of power
lines.
Section III contains the DC-DC converter that is fed from the selector. Both the
loads in section V and the batteries of section IV load the DC-DC converter. The loads
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are measured and combined to provide a total load requested that is placed into the
converter to do the calculations to determine the requirement from the source. If the
system is not in overload, the converter then will provide the power to the loads as
requested determined by the GUI settings; either in voltage mode or current mode.
Section IV contains the battery models and circuitry for use in the environment.
These battery models are connected through a Power I/O block that calculates the current
being either accepted for charging or current drawn from the load when the DC-DC
converter is not operating. Each battery is placed into the system between two diodes to
prevent cross charging between batteries and to prevent system feedback into the DC-DC
converter.
The last section contains all the load models developed for this simulation
environment. This subsystem is designed to allow multiple inputs of loads into the system
in any configuration that the user desires. The current requested is calculated inside the
subsystem and then added to the battery load and sent to the DC-DC converter.
These systems are all connected together using minimum memory blocks and
diodes as possible. With a simulation environment this complicated, algebraic loops are
troublesome. Therefore to prevent algebraic loops from occurring and preventing the
simulation from completing the models were designed and layed out to prevent any two
Simulink sources from being on the same bus. This is achieved using switches and diodes
to break the bus connection to allow each subsystem to operate correctly but not affect
the following or previous block. This system layout proved to be the hardest task of this
thesis investigation.
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3.2

Previous Environment Methods
Previous methods of control included sensing the current and voltage of the

system bus and using signal mathematics and routing to control the buses because of
Simulink’s lack of switch and breaker control. This method however has pros and cons.
The method provided great control of the system and allowed for accurate and precise
routing and control of all buses. The cost of this control is complexity and detailed
models that are difficult to model and debug and require long simulation times. The
solution that provided the best control of the system was a Simulink feature that allows
all the switches to act as ideal switches. Since the high level nature of the simulation does
not require a full-bandwidth model of a switching converter or a non-ideal switch
configuration, it was feasible to use this feature. This allowed for the subsystems and
models to be less complex, removed most algebraic loops, and improved the simulation
times with the same level of accuracy. These switches are only used to allow the
simulation to compute correctly and thus are not in the actual system.
3.3

System Features
After the simulation environment was designed, features were added to protect the

environment from corruption or accidental modification that would invalidate the
simulation. The first item was the creation of Simulink Model libraries that the user can
install into their version of Simulink. This was necessary and beneficial component to
allow the system to have the model blocks stored into the library browser. Libraries were
created and installed into the Simulink library browser. This feature allows any user to
use and find the model blocks just as any other Simulink block systems. Figure 3.2 shows
the result of installing the Ultralife simulation library into the Simulink library browser.
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The next item was to prevent the models from being corrupted while in the
simulation environment. The models were changed to masked models because within
each of these blocks contains various component models or subsystem models that are
sensitive to changes. The masked models allow the component models to remain hidden
in the top-level environment and to provide some protection against unintended alteration
to these subsystem components. Figure 3.3 demonstrates the result of a model block
being masked. A masked model prevents direct user access to the subsystem level and
allows a block description to be contained within the mask

Figure 3.1

The developed man-portable power system breakdown
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Figure 3.2

The Simulink library browser containing all developed models

Figure 3.3

Demonstration of a masked and unmasked model, left model is masked and
right model is unmasked.

In addition to the fully integrated and Simulink model libraries a series of help
files have also been created to guide the user through the simulation environment. These
help files in the simulation environment are a series of corresponding help files that detail
every portion of the program, a sample help page is shown in Figure 3.4. The files are
completely accessible inside the help browser and are searchable inside the system help
as shown in Figure 3.5.
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Figure 3.4

Example Environment Help File
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Figure 3.5

Example of the searchability of the help files

The final effort for the environment was to generate a reporting function for a
quick summary of each simulation. It was found that Simulink has a built in reporting
feature which was used and modified for this particular simulation. In Fig. 10, below
each battery module there is a reporting function block that corresponds to this report.
The report block has built in code to check each batteries SOC and determine if the
battery has been completely depleted or if the battery has charge left. Upon this, the
report will show the user if the battery has SOC left or if it was depleted will show the
percentage of mission completed. An example report can be found in Appendix A.
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CHAPTER IV
TESTING AND VALIDATION
The testing and validation consists of a series of different tests that fully exercise
the simulation environment. The primary purpose of these tests was to uncover system
limitations and measure its full capabilities. This chapter describes and explains the
methods used and the results.
4.1

Component Evaluation
Component evaluation focused on the behavior of each of the models inside the

environment. Scenarios will be executed for each of the models.
4.1.1

Fuel Cell
The fuel cell was first tested by using the experimental load data received and

comparing the voltage and fuel consumption output to the actual data collected in the
profile test.
4.1.2

DC/DC Converter
The DC/DC converter was implemented first with a constant source to verify the

operation of the voltage mode, current mode and shutoff capabilities upon system
overload. Then the converter was tested with the fuel cell connected as the source, The
DC/DC and the fuel cell are coupled together with a routine that senses the fuel cell being
overloaded and cascading the system off. This feature of the converter will also be tested.
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4.1.3

Batteries
The batteries were all be tested as individuals and will be tested with a generic

load profile.
4.2

System Testing
The system testing was implemented and analyzed by a series of scenarios that

will test and fully demonstrate the limits and capabilities of the system.
4.2.1

Scenario 1 - Light Load
The system was tested comprising of all blocks including: fuel cell, DC/DC

converter, UBBL10 battery and loads and tested at light load of under 75 W. The DC/DC
converter will be configure for a voltage limit of 16.6 V, current limit of 4.5 A, power
limit of 75 W, and converter efficiency of 100 %.
4.2.2

Scenario 2 - Max Load
The system was tested using all blocks and will be tested at max load of 100 W.

The DC/DC converter will be configure for a voltage limit of 16.6 V, current limit of 4.5
A, power limit of 75 W, and converter efficiency of 100 %. This test demonstrated two
more scenarios first the systems capability to change the DC/DC converter from voltage
mode to current mode while keeping the fuel cell under the required power limit.
Secondly, this test also demonstrated the systems capability to change the DC/DC
converter from current mode to voltage mode while keeping the fuel cell under the
required power limit.
4.2.3

Scenario 3 - Changing Load and Shutdown
This test demonstrated the systems capability to switch from a light load to a

heavy load and then to a load rated above the limits of the systems. This test will
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demonstrate the capability to switch loads and also demonstrate the shut down capability
of the system upon overload of the fuel cell output
4.3
4.3.1

Individual Test Expectations
Fuel Cell
Fuel cell model was expected to mimic the actual test data to within an error less

than 5%.
4.3.2

DC/DC Converter
The DC/DC converter was expected to mimic a DC benchtop power supply and

supply the voltage set point until the current limit is reached upon which the converter
will go into current mode of operation.
4.3.3

Batteries
The batteries were expected to mimic the actual load test data that was measured

to within an error of less than 5 %. The batteries are to show cutoff capabilities that allow
the battery to be separated from the load when the battery reaches 10 % SOC.
4.4
4.4.1

System Level Test Expectations
Scenario 1 - Light Load
The system was expected to remain on and provide the power to the load while

remaining under the set power limit and the DC/DC converter remain in voltage mode.
4.4.2

Scenario 2 - Max Load
The system was expected to remain on and provide the power to the load while

remaining equal to the set power limit and the DC/DC converter in current mode.
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4.4.3

Scenario 3 – Changing Load
The system was expected to remain under the fuel cell power limit and the

DC/DC converter to change mid test from voltage mode to current mode and show the
battery supplying the remaining power to the load at that time.
4.5
4.5.1

Individual Test Results
Fuel Cell
The fuel cell performed better than expected when compared to the data results.

Table 4.1 shows the simulation results for the voltage average and the comparison to the
actual test voltage, which the greatest error is .13 %. Table 4.2 shows the fuel used
estimation from the simulation and compares it to the actual fuel used which the greatest
error is 4.5 %. The larger errors seen in the 30 W and 45 W data are suspected from the
use of rest periods in the actual fuel cell and the model being ideal.
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Table 4.1

Simulation results of voltage output

Test Simulation

15W

Voltage

Actual Test Voltage

Average

Average

12.6777

12.6939213

0.127787936

12.5959172

0.000136552

12.4881

0.130524259

12.1351

0.004944335

11.88911

8.41106E-05

30W 12.5959
45W

12.4718

60W 12.1357
75W

11.8891

Table 4.2

% Error

Simulation results of fuel used

Test

Simulation Fuel Used

Actual Fuel Used

% Error

15W

94.1008

94

0.107234043

149

4.512348993

227

3.173744493

324

0.376358025

439.8972

0.223188509

30W 155.7234
45W

234.2044

60W 322.7806
75W

4.5.2

440.879

DC/DC Converter
The simulation was implemented with a constant 12 VDC source and was

simulated for 24 hours. The converter supplied a load profile that was connected for 8
hours, rested 4 hours, reconnected 8 hours, and then resting 4 more hours.
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4.5.2.1

With Constant Source
The load value was changed from 35 W to 70 W at a time of 12 hours into the

simulation. The converter was operating in voltage mode with specifications set to
voltage limit of 16.6 V, current limit of 4.5 A, power limit of 75 W and converter
efficiency of 100 %. Figure 4.1 shows power in, power out, and Figure 4.2 shows
voltage and current out and Figure 4.3 the voltage and current into the converter. The
converter operated as expected as both loads were switched in below the power limit of
75 W. This test fully demonstrated the converters ability to supply varying loads and still
operate in voltage mode.

Figure 4.1

DC/DC Converter: power in and power out with constant source
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Figure 4.2

DC/DC Converter: voltage and current out with constant source

Figure 4.3

DC/DC Converter showing voltage and current in with constant source
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4.5.2.2

DC/DC Converter with Fuel Cell
This test was implemented with a PF75 fuel cell connected to the DC/DC

converter. The fuel cell was implemented with shutoff capabilities and was simulated for
24 hours. The converter supplied a load profile that was connected for 8 hours, rested 4
hours, reconnected 8 hours, and then rested 4 more hours.
4.5.2.3

DC/DC Converter switching in load under power limit
The test was implemented with a changing load from 35 W to 70 W at a time of

12 hours into the simulation. The converter operated in voltage mode with specifications
set to voltage limit of 16.6 V, current limit of 4.5 A, power limit of 75 W and converter
efficiency of 100 %. Figure 4.4 shows power in, power out, and Figure 4.5 showing
voltage and current out and Figure 4.6 the voltage and current into the converter. Note
that in Figure 4.6 when the heavier load is switched in a small drop in the input voltage is
noticeable. This verifies the fuel cells current and voltage relationship from ohm’s law.
Figure 4.7 shows the fuel used in grams for this test and Figure 4.8 shows the state
changes. For this test, both the fuel cell and converter remained on due to the load being
under the power limit. This test fully demonstrated the converters ability to supply
varying load with a load change and still operate in voltage mode while also showing the
correct fuel cell operation during a load change.
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Figure 4.4

DC/DC Converter showing power in and power out with fuel cell input

Figure 4.5

DC/DC Converter showing voltage and current out with fuel cell input
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Figure 4.6

DC/DC Converter showing voltage and current in with fuel cell input

Figure 4.7

DC/DC Converter with Fuel Cell showing fuel used
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Figure 4.8
4.5.2.4

Fuel Cell and DC/DC Converter states
DC/DC Converter switching in Load over power limit

The test was implemented with a changing load from 40 W to 80 W at a time of
12 hours into the simulation. When the second load was switched in the converter was
overloaded and the cutoff capabilities of the system were implemented. The converter
was operating in voltage mode with specifications set to voltage limit of 16.6 V, current
limit of 4.5 A, power limit of 75 W, converter efficiency of 100 %. The converter
supplied power until the second load was switched in and the converter was overloaded
and then the system entered protection shutdown mode.
Figure 4.9 shows power in, power out and Figure 4.10 showing voltage and
current out, Figure 4.11 shows the voltage and current into the converter and F Figure
4.12 shows the fuel used during this simulation. Note that in the previous mentioned
figures that at the time of 12 hours when the system was overload that a spike is seen that
is above the limit set and the system is then cascaded off with the fuel cell shut off first
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and then the DC/DC converter as seen in Figure 4.13. This verifies the systems protection
mode of not allowing the fuel cell to be overload above its power or current limit. This
test fully demonstrated the converters ability to supply a varying load and when
overloaded enter the systems protection mode and cascade off.

Figure 4.9

DC/DC Converter: power in and power out with fuel cell input
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Figure 4.10

DC/DC Converter: voltage and current out with fuel cell input

Figure 4.11

DC/DC Converter showing voltage and current in with fuel cell input
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Figure 4.12

DC/DC Converter with Fuel Cell showing fuel used

Figure 4.13

Fuel Cell and DC/DC Converter states
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4.5.3

Batteries
The batteries were tested with a constant load for 3 hours at a constant 55 W load.

Figure 4.14 shows the battery state of charge, power out, voltage out and current draw.
The battery is disconnected at 10 % SOC and thus fulfilling the expected operation of
each battery. In addition, Figure 4.14 shows that upon disconnection of the output that the
terminal voltage rises back to a nominal unloaded terminal voltage, which is expected.

Figure 4.14

Battery Measurments
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4.6
4.6.1

System Test Results
Light Load Test
The test was implemented with a constant 50 W load and the following models

were used: Fuel cell, DC/DC Converter, UBBL10, and a generic load profile. The
converter was operating in voltage mode with specifications set to voltage limit of 16.6
V, current limit of 4.5 A, power limit of 75 W, converter efficiency of 100 %.
The system performed as expected and the results are listed below. Figure 4.15
shows the power, voltage and current as seen at the load and Figure 4.16 shows the
output from the DC/DC converter. Figure 4.17 shows that the DC/DC converter is
outputting 16.6 V, approximately 3.4 A at 56 W, while the load is only requesting a little
over 3 A. This is showing that the DC/DC converter is handling all of the power
requested by the load and charging the battery at the same time, thus showing the missing
.3 A as seen in Figure 4.18. Figure 4.16 shows the fuel cell output of 12.2 V, 4.55 A at 56
W, which is as expected since the DC/DC converter operates as a DC transformer, and
calculates Pin as in equation 7-1. Figure 4.19 shows the estimated fuel used. Figure 4.20
shows the converter states and Figure 4.21 shows that the DC/DC converter stayed in
voltage mode as expected for the simulation.
(7-1)

∗
∗
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(7-2)

Figure 4.15

Output of System at Light Load

Figure 4.16

DC/DC Converter at Light Load
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Figure 4.17

Fuel Cell Output at Light Load
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Figure 4.18

Battery Measurements at Light Load
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Figure 4.19

Fuel Used During Light Load Test

Figure 4.20

Fuel Cell and DC/DC Converter states at Light Load
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Figure 4.21
4.6.2

DC/DC Converter Mode of Operation during Light Load

Max Load Test
For this test, the system was loaded with a constant 100 W load at 16.6 V and the

following models were used: Fuel Cell, DC/DC converter, battery, and a constant load.
The system was loaded at 100 W and was simulated for 24 hours. The converter was
operating in current mode with specifications set to voltage limit of 16.6 V, current limit
of 4.5 A, power limit of 75 W, converter efficiency of 100 %.
The converter operated in current mode supplying max power as seen in Figure
4.22 and the battery supplied the remaining power until it was depleted as seen in Figure
4.23. Figure 4.23 shows the output with the power starting at 100 W and slowly
decreasing as the battery is being depleted. Figure 4.24 shows the output of the fuel cell
to the DC/DC converter with Figure 4.25 showing the battery measurements. Figure 4.26
shows the fuel used in grams. Figure 4.27 and Figure 4.28 shows that the system stayed
on the entire 24 hour test and remained in current mode for the duration of the test.
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The system performed as expected with the converter starting and remaining in
current mode with the battery supplying the remaining power until it was depleted.

Figure 4.22

Output of System at Max Load
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Figure 4.23

DC/DC Converter at Max Load

Figure 4.24

Fuel Cell Output at Max Load
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Figure 4.25

Battery Measurements at Max Load
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Figure 4.26

Fuel Used During Max Load Test

Figure 4.27

Fuel Cell and DC/DC Converter states at Max Load
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Figure 4.28
4.6.3

DC/DC Converter Mode of Operation during Max Load

Changing Load
For this test, the system was loaded with a changing load, first at 40 W, second at

73.5 W at 8 hours into simulation, and third load of 108 W at 16 hours and simulated for
a total of 24 hours. The following models were used: Fuel Cell, DC/DC converter,
UBBL10, and a constant load. The converter was operating in voltage mode with
specifications set to voltage limit of 16.6 V, current limit of 4.5 A, power limit of 75 W,
converter efficiency of 100 %.
Figure 4.29 shows the output of the system at the load and Figure 4.30 shows the
output of the DC/DC converter. The converter remains in voltage mode during the first
two loads and upon reaching overload with the introduction of the third load the system
cascaded off. This can be seen in Figure 4.31 and Figure 4.32 showing both fuel cell and
converter shutting off at 16 hours into the test due to the heavy load. It also can be noted
that in Figure 4.30 after a time of 16 hours the output voltage of the converter resembles
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the battery voltage as compared to Figure 4.32. Figure 4.33 shows the fuel used in grams.
Figure 4.34 shows the DC/DC converter mode of operation and Figure 4.35 shows the
operation mode of the DC/DC converter either in voltage or current mode.
This verifies the operation and implementation of the system but showing that the
battery is being charged while the converter is in voltage mode and then the battery takes
on the load upon the converter being overloaded until the battery is depleted. This test
best shows the capabilities of the system to handle changing loads and to show the
operation of all blocks and their capabilities.

Figure 4.29

Output of System at Max Load
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Figure 4.30

DC/DC Converter at Max Load

Figure 4.31

Fuel Cell Output at Max Load
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Figure 4.32

Battery Measurements at Max Load
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Figure 4.33

Fuel Used During Max Load Test

Figure 4.34

Fuel Cell and DC/DC Converter states at Max Load
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Figure 4.35

DC/DC Converter Mode of Operation during Max Load
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CHAPTER V
SUMMARY
The simulation environment was successfully created and implemented with all
components operational. This simulation is a valuable tool for modeling a personal
portable power system to assist in the design of the configuration of a hardware prototype
and to provide valuable data for assessing the potential mission performance of man
portable systems. A simulation environment could potentially have a vast variety of
models with different levels of complexity and benefits. This thesis is an early step to
improving mission planning for a fielded man portable power system.
The simulation environment developed is capable of simulating multiple types of
constant power sources from standard constant sources to the developed fuel cell. With
the error of the voltage output of the fuel cell being no greater than 0.13 % of the entire
output range and the fuel rate error being no greater than 4.5 % provides confidence in
the model. Thus, the fuel cell model performed beyond expectation providing evidence
that the modeling effort and technique is a valid approach.
The simulation also proved valid with the testing of the DC/DC converter. The
converter performed as expected when compared to a typical benchtop power supply. In
addition, the results of the shutdown capability test proved the simulation represents the
fuel cell and DC/DC converter interaction well. The DC/DC converter switched from
voltage to current modes appropriately and when the fuel cell model reached the
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manufacturer’s power limit specification the shutdown protocols took effect and shut
down the fuel cell as per the actual fuel cells capability.
The overall simulation was validated upon the completion of the simulation test
plan. When the system was interfaced together, all components interacted within the
simulation environment as per electrical theory. The capability of the system to model
load changes in a single simulation scenario and to provide correct DC/DC converter
mode suggests that the simulation is the beginning of a useful tool to predict the
performance of an actual system. In summary, the simulation environment models
constant loads, changing loads under power limit and changing loads over the power limit
with self-consistently computed shutdown features taking effect. These tests showed that
this simulation environment implements the basic theory and operates as expected. This
verifies the operation and implementation of the system as a valid calculation for
predicting the system behavior of the particular man portable power system it models.
Further investigation is needed to validate this simulation into a working tool to
allow mission planning and predictions of fielded personal portable power systems.
Further investigation into constant sources would provide a deeper understanding and a
wide assortment of possibly testing scenarios. Possible sources that could be investigated
are energy harvesting methods from solar cells and wind power as well as other types of
fuel cells and hydrogen cell models. Modeling and investigations into solar cells and
possible wind power or other energy harvesting techniques would allow this simulation
environment for possible use in modeling green systems. Also further study of different
fuel cell types with different fuel and different electrolyte oxidizing agents would permit
examination of future man-portable power system improvements by expanding the
library of models.
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Next, further work on the DC/DC converter model is needed. The DC/DC
converter model currently used in the simulation needs in-depth efforts to validate
multiple efficiency points. There was no data available on the actual implementation of
the DC/DC converter to provide a realistic default setting for efficiency.
Although the simulation environment was “validated” by testing components at
the single model level there is no data to provide conclusive evidence that the entire
system simulation is valid. This is because the hardware prototype is still under
development. Further work into developing a prototype system that includes all the
individual components included with the simulation environment and adding a system
controller would finalize the validation of the simulation environment. This will allow the
scope of the simulation to be advanced from a system concept evaluation to a companion
software tool bundled with the hardware to allow planning of missions and tasks
involving a personal portable power system.
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APPENDIX A
SIMULATION ENVIRONMENT REPORTING FUNCTION SAMPLE REPORT

70

Simulation Environment
Beta 2
Simulation Environment : Beta 2
Published 05-Apr-2010 12:41:44

71

Table of Contents
A. Initial Conditions ................................................................................................................. 73
B. SOC Run Times ................................................................................................................... 73

72

Initial Conditions

UBBL06 Initial Conditions:
Initial SOC
0
Number of Parallel Batteries
0
UBBL08 Initial Conditions:
Initial SOC
1
Number of Parallel Batteries
1
UBBL10 Initial Conditions:
Initial SOC
0.1
Number of Parallel Batteries
1

SOC Run Times

UBBL06
Time(s) SOC reached zero
1.7393e-017
Time(min) SOC reached zero
2.8988e-019
Time(hour) SOC reached zero
4.8314e-021
Percentage of Mission Completed
2.0131e-020
UBBL08
Time(s) SOC reached zero
1.4782e+004
Time(min) SOC reached zero
246.3727
Time(hour) SOC reached zero
4.1062
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Percentage of Mission Completed
17.1092
UBBL10
Time(s) SOC reached zero
1.6928e+004
Time(min) SOC reached zero
282.1334
Time(hour) SOC reached zero
4.7022
Percentage of Mission Completed
19.5926
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APPENDIX B
DC/DC CONVERTER MODEL C CODE
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Function Block 1
function [Iin,sw,iin] = fcn(Vout,Iout,Vin,eff,swi,Plimit)
iin=(Vout*Iout)/(Vin*eff);
if (Vin<0.1)
iin=0;
end
Pin=iin*Vin;
if (Pin <= Plimit && swi ~= 0)
Iin = iin;
sw=1;
else
Iin = 0;
sw=0;
end
end

Function Block 2
function [Sw1, Sw2,Sw3, fl] = fcn(Iout,Iset,fcsw)
if fcsw == 0
Sw1=0;
Sw2=0;
Sw3=0;
fl=0;
else
Sw3=1;
fl=1;
if Iout >= Iset

else

end
end

Sw2=1;
Sw1=0;
Sw1=1;
Sw2=0;
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